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Background: Expression of amyloid-� (A�) precursor protein (APP), implicated in Alzheimer disease (AD), is regulated by
complex mechanisms involving microRNAs.
Results:miR-153 reduces APP and A� in human brain cultures and is dysregulated in AD.
Conclusion:miR-153 physiologically regulates human APP expression and A� and may contribute to AD pathoetiology.
Significance:miR-153 is a potential novel drug target in AD.

Regulation of amyloid-� (A�) precursor protein (APP) ex-
pression is complex.MicroRNAs (miRNAs) are expected to par-
ticipate in themolecular network that controls this process. The
composition of this network is, however, still undefined. Eluci-
dating the complement of miRNAs that regulate APP expres-
sion should reveal novel drug targets capable of modulating A�

production in AD. Here, we investigated the contribution of
miR-153 to this regulatory network. A miR-153 target site
within the APP 3�-untranslated region (3�-UTR) was predicted
by several bioinformatic algorithms. We found that miR-153
significantly reduced reporter expression when co-transfected
with an APP 3�-UTR reporter construct. Mutation of the pre-
dicted miR-153 target site eliminated this reporter response.
miR-153 delivery in both HeLa cells and primary human fetal
brain cultures significantly reducedAPP expression. Delivery of
a miR-153 antisense inhibitor to human fetal brain cultures sig-
nificantly elevated APP expression. miR-153 delivery also
reduced expression of the APP paralog APLP2. High functional
redundancy between APP and APLP2 suggests that miR-153
may target biological pathways in which they both function.
Interestingly, in a subset of human AD brain specimens with
moderate AD pathology, miR-153 levels were reduced. This
same subset also exhibited elevated APP levels relative to con-
trol specimens. Therefore, endogenous miR-153 inhibits
expression of APP in human neurons by specifically interacting
with the APP 3�-UTR. This regulatory interactionmay have rel-
evance to AD etiology, where low miR-153 levels may drive
increased APP expression in a subset of AD patients.

Alzheimer disease (AD),2 the most common form of demen-
tia (1), is thought to arise in part from excess accumulation of
the amyloid-� peptide (A�) (2, 3). A� is derived from its paren-
tal molecule, A� precursor protein (APP), during a series of
processing steps that result in the liberation of various soluble
fragments (4). Internal cleavage by the �-secretase enzyme (�
site APP-cleaving enzyme; BACE1) initiates A� production by
cleaving APP at the A� N terminus, releasing a truncated
secreted� form of APP. Cleavage by the �-secretase complex at
the A� C terminus results in the release of the soluble A� pep-
tide and APP C-terminal fragments. Promiscuous cleavage by
the �-secretase complex results in the release of twoC-terminal
length variants of the A� peptide (A�(1–40) and A�(1–42))
that are the main constituents of one of the hallmark patholo-
gies of the disease, extracellular neuritic plaques (5).
Overexpression of APP alone leads toAD in rare forms of the

disease linked to specific genetic aberrations. These include
Down syndrome (6),APP gene locus duplication events (7), and
APP promoter polymorphisms (8, 9) that promote elevated
expression. Therefore, therapeutic strategies that aim to reduce
APP expressionmay be useful as ameans to reduce A� produc-
tion in sporadic AD and normalize APP expression in these
more specific forms of the disease.
Given the centrality of APP and A� to AD pathology, it is

imperative to elucidate the various mechanisms that regulate
physiological expression of APP as a means to identify novel
drug targets for modulating A� levels. The regulation of APP
expression has been extensively studied, with controls being
mediated at both the transcriptional and post-transcriptional
level. The promoter structure is complex (10), containing vari-
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ous proximal (11–14) and distal promoter elements that medi-
ate both constitutive and induced transcriptional regulation,
including via elements located in the genomic 5�-untranslated
region (5�-UTR) (15–18). Elements in the 5�-UTR and 3�-UTR
also regulate transcript stability at the post-transcriptional
level. Elements in the 5�-UTR include an IL-1-responsive ele-
ment (19), an iron-responsive element (20), and an internal
ribosomal entry site (21). In the 3�-UTR, several stability con-
trol elements bind various cytosolic proteins to stabilize the
APP transcript (22–25). Alternative polyadenylation also regu-
latesAPP transcript stability through the inclusion or exclusion
of a GG dinucleotide motif (26, 27).
MicroRNAs (miRNAs) are small (18–24 nucleotides) non-

coding RNAs that interact with target mRNAs and mediate
inhibitory controls on protein production (28). They generally
base-pair to sites in the 3�-UTR of target mRNAs with imper-
fect complementarity, with the exception of a region at the 5�
end of an miRNA termed the seed sequence. Studies have
shown that nearly perfect complementarity between the seed
sequence and target mRNA is required for a functional interac-
tion (29, 30). miRNAs exist in complex with protein mediators
as part of the RNA-induced silencing complex (31), with AGO
proteins serving as primary core proteins. Interactions between
miRNAs and their target mRNAs bring the mRNA in close
association with effector proteins that generally inhibit protein
production either by transcript destabilization or translational
inhibition (32), although recent studies suggest that transcript
destabilization is the primary mechanism (33).
We and others have begun to describe the contributions that

miRNAs bring to the post-transcriptional control of APP
expression (34, 35). Specifically, we have recently described the
negative regulatory control exerted bymiR-101 onAPP expres-
sion (34, 36). This finding has also been replicated in an inde-
pendent laboratory (37). Several other miRNAs that modulate
APP production have also been described (38–43). However,
many additional miRNA target sites are predicted in the APP
3�-UTR. These miRNAs may mediate potent inhibitory effects
and participate in the network ofmolecular regulators that con-
trol APP expression.
Here, we demonstrate that miR-153 inhibits expression of

APP in human primary brain cultures via a specific target site in
the APP 3�-UTR and is a participant in the endogenous molec-
ular network that controls physiological APP expression. We
further show that miR-153 is dysregulated in a subset of AD
patients and thatAPP levels are inversely dysregulated, suggest-
ing that the regulatory relationship may be relevant to AD
pathology.

EXPERIMENTAL PROCEDURES

HeLa Cell Cultures and Transfection—HeLa cells were cul-
tured in minimum essential medium (Mediatech) supple-
mented with 10% FBS (Atlanta Biologicals) and penicillin/
streptomycin/amphotericin solution (Mediatech) at 37 °C in a
5% CO2 humidified incubator. Antibiotics and antimycotics
were omitted from the media during all transfections. For co-
transfections ofDNAconstructs andmiRNAmimics (Dharma-
con), HeLa cells were cultured in 96-well plates (5 � 104 cells/
well) and transfected with 150 ng of DNA and 40 nM miRNA

using 0.2�l of Transfectin (Bio-Rad). For single transfections of
siRNA (Applied Biosystems) or miRNA mimics, HeLa cells
were cultured in 24-well plates (1.35 � 105 cells/well) and
reverse transfected with 20 nM siRNA or 50 nM miRNA using
0.5 �l of Lipofectamine RNAiMAX (Invitrogen).
Generation of APP 3�-UTR Reporter Construct—The lucifer-

ase reporter construct was prepared as previously described
(36). Briefly, the full-length APP 3�-UTR (1.2 kb) was PCR-
amplified from the pGALA construct (20). The amplicon was
then inserted into the XhoI site of psiCHECK-2 (Promega),
immediately downstream of a Renilla luciferase coding se-
quence, using the InFusion cloning system (Clontech).
Site-directed Mutagenesis of Predicted miR-153 Target Site—

The predicted target site in theAPP 3�-UTR reporter construct
was mutated using mutagenic primer-directed replication as
implemented in the QuikChange Lightning site-directed
mutagenesis kit (Agilent). The following primers were utilized
to introduce seed sequence mutations in the APP 3�-UTR
reporter: sense, 5�-cagctgcttctcttgcctaagtattcctttcctgatcaccgc-
atgttttaaagttaaacatttttaagtatttcagatgctttag-3�; antisense,
5�-ctaaagcatctgaaatacttaaaaatgtttaactttaaaacatgcggtgatcaggaa-
aggaatacttaggcaagagaagcagctg-3�.
Luciferase Reporter Assays—HeLa cells were transfectedwith

the WT and mutant APP 3�-UTR reporter construct either
alone or in combination with miRNA mimics, as described
above. Forty-eight hours post-transfection, theRenilla and fire-
fly luciferase activity was assayed using the Dual-Luciferase
reporter system (Promega) on a Turner Biosystems Veritas
luminomenter. Ratios of Renilla/firefly luminescence values
were calculated and scaled relative to the value for the APP
3�-UTR reporter alone transfection.
Primary Human Fetal Brain Culture and Transfection—Pri-

mary cultures of mixed human fetal brain cells (HFB) were pre-
pared from the brain parenchyma of aborted fetuses (80–100
days gestational age). The tissues were obtained from the Birth
Defects Research Laboratory at the University of Washington
with approval from the Indiana University Institutional Review
Board. Fetal brain materials (10–20 g) were shipped overnight
in chilled Hibernate-E medium (Invitrogen) supplemented
with B27 (Invitrogen), GlutaMAX (Invitrogen), and antibiotic-
antimycotic solution (Cellgro).
The culture procedures closely followed our previously de-

scribed protocol (44) with some modifications. Briefly, the tis-
sues were digested in 0.05% trypsin, 0.53 mM EDTA solution
and incubated in a shaking water bath (150 rpm) at 37 °C for 15
min. The trypsin-digested tissues were transferred to Hiber-
nate-Emedium and triturated several times using a siliconized,
fire-polished pipette followed by centrifugation at 400 � g
for 15 min. The cell pellet was resuspended in Hibernate-E
medium and triturated once more followed by centrifugation.
The pellet was resuspended in culturemedium (see below), and
cells were counted by the trypan blue exclusion method.
The cells were plated on poly-D-lysine-coated 24-well plates

in Neurobasal medium (Invitrogen), supplemented with 1�
B27, 0.5 mM GlutaMAX, 5 ng/ml bFGF (Invitrogen), and anti-
biotic/antimycotic mixture. Half-medium changes were per-
formed every fourth day of culture.
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HFB cultures were transfected at day in vitro (DIV) 17 in
24-well plates. One culture batch was transfected with 20 nM
siRNA and 150 nMmiRNAmimics using 1.25 �l of RNAiMAX.
A second culture batch was transfected with 1�MLNAmiRNA
inhibitors (Exiqon) using 1.25�l of RNAiMAX.Antibiotics and
bFGF were omitted from media during transfections.
Immunohistochemical Analysis—Human fetal brain cultures

were fixed in 4% paraformaldehyde for 15 min, washed three
times with chilled PBS and then permeabilized with 0.12% Tri-
tonX-100 (Sigma) for 10min. Permeabilized cells were blocked
with 10% horse serum (Atlanta Biologicals) for 15min followed
by overnight incubation with primary antibodies.
Primary antibodies used in this study include a mouse pan-

neuronal antibody mixture (Millipore) active against neurites,
neuronal nuclei, and neuronal cell bodies; rabbit anti-GFAP
(Sigma) for astrocyte labeling; and rabbit anti-nestin (Sigma)
for neural stem cell labeling. Biotin-conjugated donkey anti-
mouse (Jackson Immunoresearch) and Cy3-conjugated donkey
anti-rabbit (Jackson Immunoresearch) secondary antibodies
were used as described previously (44). Fluorescein-conjugated
streptavidin (Jackson Immunoresearch) was employed to label
biotin-conjugated secondary antibody. Nuclei were visualized
using Hoechst stain (Sigma), and labeled cells were examined
under a Leica DMIL HC inverted fluorescence microscope
(Leica Microsystems). Images were captured using a SPOT
RT-SE digital camera (Diagnostic Instruments).
Western Blotting Analysis—For protein analysis by Western

blotting, cell lysates were prepared at various time points in
culture as indicated in the figure legends. Briefly, cells were first
washed with PBS and then lysed on plate with vigorous shaking
using mammalian protein extraction reagent (Pierce) supple-
mented with 0.1% SDS and protease inhibitor mixture set III
(Calbiochem). Lysates were centrifuged at 30,000 � g for 10
min at 4 °C, and cleared lysates were collected. Lysate protein
concentrationswere then assayed byBCA (Pierce) per theman-
ufacturer’s instructions. An equal amount of lysate protein (1–5
�g) was loaded onto BisTris XT denaturing 10% polyacryl-
amide gels containing SDS (Bio-Rad). Proteinswere resolved by
SDS-PAGE and transferred onto PVDF membranes. Mem-
branes were blocked for 1 h in 5% nonfat milk and then incu-
bated overnight with primary antibodies against APP (22C11,
Chemicon), polyclonal C-terminal anti-APLP2 (Calbiochem),
�-tubulin (B-5-1-2, Sigma), and �-actin (AC15, Sigma). Mem-
branes were then incubated with HRP-conjugated goat anti-
mouse secondary antibody (Rockland Immunochemicals) for
1 h. Bands were visualized using ECL reagent (Pierce), detected
on film, and scanned.
ELISA of A�(1–40)—Levels of A�(1–40) were measured in

the conditioned media (CM) of HFB cultures using a sensitive
and specific commercially available ELISA (IBL America).
Briefly, an equal volume of CM (25 �l) was loaded in a plate
precoated with anti-human A� (35–40) antibody (clone 1A10)
and incubated overnight. This kit uses anti-human A� (11–28)
as a detection antibody. The overall assay was performed
according to the manufacturer’s instructions.
Absolute A�(1–40) values (in pg/ml CM) were measured.

This value was normalized to the total lysate protein yield from

each well to control for variability attributable to differences in
cell number and scaled relative to mock transfection values.
Quantification of APP mRNA and Small RNA Expression

Levels in Cell Culture—Total RNA was extracted from HeLa
and HFB cultures using the miRVana miRNA Isolation kit
(Ambion). RNA quantity and purity were assessed using a
Nanodrop instrument (Thermo Scientific). RNA integrity was
assessed on a Bioanalyzer (Agilent). All samples had acceptable
A260/A280 ratios and RIN values greater than 8.5. Both mRNA
and miRNA levels were quantified by reverse transcription
quantitative PCR (RT-qPCR). Briefly, RNA was first converted
to cDNA using the TaqMan microRNA Reverse Transcription
kit (Applied Biosystems) for miRNA assays or High Capacity
RNA-to-cDNA kit (Applied Biosystems) for mRNA assays.
cDNA was then subjected to qPCR analysis using TaqMan
hydrolysis probe assays (Applied Biosystems) for miRNA or
mRNA on a 7300 real-time PCR instrument (Applied Biosys-
tems). Relative quantification was performed using the �Cq
method and normalized to the geometric mean of at least three
reference genes (45). For miRNA studies, RNU48, RNU6B, and
hsa-miR-16 were used for normalization. For mRNA studies,
GAPDH, B2M, �-actin, and TBP were used. Assay names and
IDs are as follows: hsa-miR-153 (001191), RNU48 (001006),
RNU6B (001093), RNU49 (001005), hsa-miR-16 (000391),
human APP (all splice variants) (Hs01552283_m1), human
GAPDH (4333764T), human B2M (4333766T), human ACTB
(4333762T), and human TBP (4333769T).
HumanBrain Specimens and Processing—Frozen brain spec-

imens from the Harvard Brain Tissue Resource Center isolated
from BA9 (Brodmann area 9) of the frontal cortex in age-
matched control and AD patients were provided by Dr. P. H.
Reddy. Non-control specimens were neuropathologically char-
acterized as early (Braak stage I/II), definite (Braak stage III/IV),
and severe (Braak stageV/VI)ADvia Braak staging criteria (46).
Sample demographics and post-mortem interval were the same
as described previously (47). There were five specimens in each
category. Specimens were initially pulverized using a stainless
steel pulverizing chamber prechilled with liquid nitrogen and
were quickly aliquoted, avoiding sample thawing.
One aliquot of each sample was processed for protein analy-

sis. This frozen aliquot was immersed in mammalian protein
extraction reagent (M-PER; Thermo) supplemented with 0.1%
SDS and protease inhibitor mixture and immediately sonicated
using a Sonifier Cell Disruptor 350 (Branson) until visible
clumps disappeared. Lysates were then incubated with 50
units/ml Benzonase enzyme (Calbiochem) for 10 min at 37 °C
to reduce nucleic acid content and associated viscosity. Lysates
were then centrifuged down at 30,000� g for 2 h to clear debris.
Protein concentrations of the cleared lysates were determined
by BCA. Western blot analyses were performed as described
above.
A second aliquot was processed for RNA analysis. The frozen

aliquot was immersed in cell disruption buffer from the miR-
VanamiRNA isolation kit and immediately homogenized using
a Polytron homogenizer (Kinematica). These homogenates
were then processed per the manufacturer’s instructions for
tissue samples. RNA quality control was performed as de-
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scribed above. Several samples had low RIN values (�6), prob-
ably attributable to prior sample processing.
Quantification of Small RNA Expression Levels in Human

Brain Specimens—RT-qPCR was performed on these RNA
extracts as described above but with additional modifications.
Therewas nodetectable association between lowRINvalue and
higher Ct values in this collection. Therefore, all samples were
included in analyses.
Both relative and absolute quantification methods were

employed for miRNA analyses in brain specimens. Relative
quantification was performed using a modified �Cq method as
implemented in qBASE software (48). This modified �Cq
method determines relative amplicon levels by taking into
account experimentally determined PCR amplification effi-
ciencies for both the gene of interest and reference genes and by
normalizing expression of the gene of interest to the geometric
mean of multiple reference gene expression levels. In order to
determine amplification efficiencies for each small RNA target,
aliquots of each RNA sample in a given analysis were pooled
and used to create a relative standard curve by serial dilution.
These serial dilutions were then converted to cDNA and ana-
lyzed by qPCR in parallel with unknown samples. Amplification
efficiencies were then determined by examining the slope of the
standard curve for each small RNA target. For relative quanti-
fication studies, RNU48, RNU49, RNU6B, and hsa-miR-16
were used for normalization (assay IDs listed above).
To perform absolute quantification in miRNA analyses, an

HPLC-purified synthetic oligoribonucleotide standard identi-
cal in sequence to hsa-miR-153 was obtained commercially
(Sigma-Aldrich). The oligoribonucleotide was resuspended,
and exact concentrations were measured by A260 measure-
ments. Based on measured concentrations, standard curves
with absolute copy counts were prepared by serial dilution.
These serially diluted standards were converted to cDNA and
analyzed by qPCR in parallel with unknown samples. Copy
counts per reactionwere then determined based upon standard
curve analysis. Given that each unknown reaction was loaded
with a known amount of total RNA (generally 10 ng), copy
counts were then presented as copy counts/15 pg of total RNA.
This serves as a rough estimate of copy counts per average
human cell.
Data and Statistical Analysis—Densitometric analysis of

Western blots was performed using ImageJ software. qPCR
data analysis and normalization were performed using
qbasePLUS software (48). Fluorescence micrograph and West-
ern blot image processing was performed using Adobe Photo-
shop. Western blot images were adjusted for contrast and
brightness, and some extraneous sections of blots between
boxed regions were removed for the sake of clarity. No manip-
ulations have beenmade to images that alter data quantification
or interpretation. Statistical analyses were performed using
Prism GraphPad and SPSS. For comparison between two cate-
gories, two-tailed Student’s t test was performed. For compar-
ison across multiple categories, ANOVA was performed fol-
lowed by post hoc Dunnett’s t test, Tukey’s honest significant
difference (HSD) test, or Student-Neuman-Keuls test for mul-
tiple comparison corrections. The � threshold for statistical
significance was set at 0.05.

RESULTS

Bioinformatic Prediction of miR-153 Target Site in APP
3�-UTR—To identify novel miRNA target sites in the human
APP 3�-UTR,weusedmultipleWeb-based bioinformatics algo-
rithms to predict favorable miRNA interactions. A target site
for miR-153 was predicted by TargetScan version 6.0 (30,
49–51), PicTar (52), DIANA-MicroT version 4.0 (53, 54),
miRanda-mirSVR (55–57), and rna22 (58) in the APP 3�-UTR
at positions �442 to �464 relative to the start of the 3�-UTR
(Fig. 1A). A previously validated miR-101 target site in the APP
3�-UTR (36, 37) was also predicted. Scores generated by the
algorithms are compared between the validatedmiR-101 target
site and predicted miR-153 target site in Table 1. The signifi-
cant level of identity between the sequence of the predicted
miR-153 target site in the humanAPP 3�-UTR and orthologous
sequences frommultiple mammalian species suggests that this
specific site has been under evolutionary pressure to retain
sequence conservation during mammalian speciation (Fig. 1B).
Reporter Validation of Predicted miR-153 Target Site—To

confirm functionality and test efficacy of this putative target
site, we constructed an APP 3�-UTR reporter construct con-
taining the full-length APP 3�-UTR (1.2 kb) inserted down-
stream of a Renilla luciferase coding sequence. A separate
firefly luciferase coding sequence under independent transcrip-
tional control was also present in this construct to serve as an
internal control (Fig. 1C).
Co-transfection of the reporter construct along with miR-

153 mimic in HeLa cells resulted in significantly reduced
expression of reporter relative to co-transfection with negative
control mimic or transfection of reporter construct alone (83%
of reporter alone), suggesting an inhibitory regulatory interac-
tion betweenmiR-153 and theAPP 3�-UTR (Fig. 1D). To probe
for the site of interaction between miR-153 and the APP
3�-UTR, wemutated the seed sequence of the putativemiR-153
target site in the reporter construct (Fig. 1C). The criticality of
seed sequence interactions for most functional miRNA-based
regulation has been clearly demonstrated (28), andmutation at
this position should eliminate effective interaction between
miRNA and the target site. miR-153 mimic had no inhibitory
effect on reporter expression when co-transfected with this
mutant reporter construct in HeLa cells (Fig. 1D), thereby con-
firming that the predictedmiR-153 target site is indeed respon-
sible for mediating the inhibitory interaction betweenmiR-153
and the WT reporter mRNA.
miR-153 Down-regulates Expression of Endogenous APP—In

order to confirm the reporter analysis data and check thatmiR-
153 is capable of inhibiting the expression of endogenous APP,
we transfected HeLa cells with miR-153 mimic and assayed
APP levels directly by Western blot. Delivery of exogenous
miR-153was very effective inHeLa cells becausemiR-153 levels
measured post-transfection were found to be dramatically
increased as compared with mock-transfected cells (nearly
200,000-fold increase). Transfection of miR-153 mimic sig-
nificantly reduced APP levels by nearly 70% compared with
transfection with negative control mimic (Fig. 2, A and B).
miRNAs may mediate their effects on protein output by
inhibiting translation or promoting mRNA degradation.
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Transfection of miR-153 in HeLa significantly reduced APP
mRNA levels by nearly 40% (Fig. 2D), suggesting that both
mechanisms may be in play.
Characterization of APP and miR-153 Levels in Human

Brain Cultures—HeLa andmany other cancer cell lines express
endogenous miR-153 levels at inherently low levels, making
them poorly suited for studying the role of endogenous miR-
153 in regulating putative mRNA targets, such as APP. As a
more suitable model, we have recently been successful in pre-
paring primary HFB cultures derived from aborted fetal brain
parenchyma.

To better characterize the distribution of cellular phenotypes
in these cultures, cells were fixed at specific time intervals dur-
ing culture ranging from DIV 8 to 24. One set of cells was co-
labeled with the combination of a pan-neuronal antibody
mixture designed to label neurites, cell soma, and nucleus and
anti-GFAP. A second set was co-labeled with anti-nestin and
anti-GFAP. Early cultures (e.g.DIV 8) consisted almost entirely
of cells co-expressing GFAP, nestin, and neuronal markers
(data not shown). Later stage cultures (e.g.DIV 20) consisted of
a mixture of cells. Some cells co-expressed GFAP and neuronal
markers (Fig. 3A) or GFAP and nestin (Fig. 3B). Other cells
expressed only neuronalmarkers,GFAP, or nestin (Fig. 3,A and
B). Given that radial glia represent the predominant neural
stem cell in the developing human cortex (59) and that nestin is
a knownmarker of neural stem cells (60), we conclude that our
late stage culture contains a mixture of immature neural stem
cells (GFAP-, nestin-, and neuronal marker-positive) and dif-
ferentiated neurons and astrocytes (positive for a single
marker). The persistence of neural stem cells in the culture
might be explained by themaintenance of bFGF in themedium
throughout culture. A previous study has also described a sim-
ilar mixture of cultured cells derived from human fetal brain
parenchyma (61). Importantly, our primaryHFB culture closely
mimics the in vivo fetal brain cellular network.
We next assayed levels of APP and miR-153 at DIV 7, 10, 14,

18, 22, and 26 in HFB to better characterize the nature of the
culturewith respect to these key analytes.Western blot analysis

FIGURE 1. Identification and reporter validation of the putative miR-153 target site in the APP 3�-UTR. A, schematic of the 3.6-kb APP mRNA
transcript demonstrating the approximate location of the predicted miR-153 target site in the 3�-UTR. B, sequence and predicted base pairing of human
miR-153 with its predicted target site in the human APP 3�-UTR, including the seed sequence interaction (red box). Sequences from rhesus macaque,
mouse, rat, and horse from positions orthologous to the predicted miR-153 target site in the human APP 3�-UTR demonstrate strong sequence
conservation at this site. C, schematic of the APP 3�-UTR reporter construct containing the APP 3�-UTR located downstream of the Renilla luciferase
coding sequence. Firefly luciferase is independently transcribed and serves as an internal control. Both a WT and mutant construct containing a mutated
seed sequence in the predicted miR-153 target site (in red) were prepared. D, reporter assay demonstrating functional activity of miR-153 against the
APP 3�-UTR and specificity of predicted target site. The WT and mutant APP 3�-UTR reporter constructs were transfected into HeLa cells either alone or
in combination with a negative control or miR-153 mimic (40 nM). Renilla and firefly luciferase assays were performed 48 h post-transfection and
analyzed as relative ratios of Renilla to firefly luciferase activity. Co-transfection of miR-153 with WT reporter resulted in reduced Renilla luciferase
expression relative to reporter alone or negative control (*, p � 0.015 by Tukey’s HSD test; n � 6). No inhibitory effect of miR-153 on reporter expression
was observed in co-transfections with the mutant reporter construct. Red bars, transfections with the WT reporter construct. Blue bars, transfections with
the mutant reporter construct. CDS, coding sequence; luc, luciferase; prom, promoter. Error bars, S.E.

TABLE 1
APP 3�-UTR miR-153 target site prediction and score summary

Target site predictor
miR-153 sitea
predicted?

miR-153
score

miR-101b
score

TargetScanHuman 6.0c Yes �0.22 �0.35
PicTard Yes 2.50 5.21
DIANA-microT version 4.0e Yes 0.414 0.307
miRanda-mirSVRf Yes �1.259 �1.78
PITAg Yes �4.44 �1.61
rna22h Yes �21.3 Not predicted

a Site prediction based on seed sequence location as indicated in Fig. 1; duplex
pairing varies among predictors.

b Scores for conserved miR-101 site with seed sequence at nucleotides 242–248.
c Context plus score.
d PicTar score.
e Site score.
f mirSVR score.
g ddG score.
h Folding energy (kcal/mol),M � 14, G � 0, E � �20 kcal/mol.
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of APP levels revealed very high levels of APP expression atDIV
7 that plateaued over time, with the lowest expression levels
observed atDIV 18 (Fig. 3,C andD). Interestingly,miR-153 had
a somewhat inverse expression pattern, with the highest
expression levels at DIV 18, although no differences in expres-
sion were statistically significant (Fig. 3E). These data demon-
strate that APP and miR-153 exhibit inverse expression pat-
terns across time inHFB culture and suggest that the inhibitory
relationship between miR-153 and APP could underlie these
patterns.
Endogenous miR-153 Regulates APP Expression in Human

Brain Cultures—We first sought to establish whether delivery
of miR-153 to HFB cultures would reduce APP expression as
observed with HeLa. Therefore, we transfected DIV 17 HFB
cultures with miR-153 mimic and assayed APP expression by
Western blot (Fig. 4A). Transfection of miR-153 significantly
reduced APP expression by �20% relative to transfection with
negative control mimic (Fig. 4B). Therefore, we were able to
successfully transfect these primary human neuronal cells
and demonstrate down-regulation of APP following miR-153
delivery.
To establish whether miR-153 participates in the regulatory

network that controls APP expression in human neurons, we
utilized miRNA antisense inhibitors to bind to and disrupt the
interaction of miR-153 with mRNA targets. We transfected
DIV 17 HFB cultures with miR-153 inhibitor and assayed
expression of APP by Western blot. Transfection of miR-153
inhibitor significantly increasedAPP expression relative to neg-
ative control inhibitor transfection by 30% (Fig. 3, C and D).
Therefore, endogenous miR-153 actively inhibits APP expres-
sion in human neurons under physiological culture conditions.
miR-153 Inhibits Production of Secreted A� Peptide in Hu-

man Neurons—Our hypothesis was that inhibition of APP by
miR-153would lead to reduced production of APPmetabolites,
including the neurotoxic A� peptide.We tested this hypothesis
bymeasuring levels of A�(1–40) by a sensitive sandwich ELISA
in the CM of HFB cultures transfected with miR-153 at DIV 17
and harvested at DIV 19. To control for any variability associ-
ated with differences in cell number, absolute A�(1–40) values
(pg/ml) obtained by ELISA were normalized to cell lysate total

protein yield as a surrogate for absolute cell number and
expressed relative to mock-transfected cells. A�(1–40) levels
were significantly decreased (by �30%) in HFB cultures trans-
fected with miR-153 as compared with negative control mimic
transfections (Fig. 5). This confirms that miR-153 can also reg-
ulate A� levels, presumably via its activity against APP.
miR-153 Also Down-regulates Expression of APP-like Protein

2 (APLP2) in Human Brain Cultures—APLP2 3�-UTR contains
a miR-153 target site predicted by TargetScan (seed sequence
located at nucleotides 1264–1270 relative to the 3�-UTR start
site). This is significant because APP and APLP2 are highly
redundant protein products that probably function in similar
biological pathways important for neurodevelopment (62).
Dual regulation of APP and APLP2 by a single miRNA may
signal a master mechanism for controlling a biological pathway
with built-in redundancy.
To determine whether delivery of miR-153 may also down-

regulate APLP2, we transfectedDIV 17HFB cultures withmiR-
153mimic and assayedAPLP2 expression byWestern blot (Fig.
6A). Transfection of miR-153 significantly reduced APLP2
expression by �35% relative to transfection with negative con-
trol mimic (Fig. 6B). Therefore, miR-153 is capable of down-
regulating of APLP2 expression in human brain cultures.
APP and miR-153 Are Inversely Dysregulated in AD Brain

Specimens—Several miRNA species have been previously
reported to be dysregulated in the post-mortem AD brain (63–
67). We next investigated whether miR-153 might also be dys-
regulated. We analyzed APP expression by Western blot and
miR-153 expression by RT-qPCR in brain specimens from con-
trol and early and late stage AD patients (Braak stages I/II
(early), stages III/IV (definite), and stages V/VI (severe)) iso-
lated from the frontal cortex (BA9). We also grouped speci-
mens into two higher level categories for analysis: 1) control
and Braak stage I/II specimens and 2) Braak stage III, IV, V, and
VI specimens. The rationale for comparing these two super-
groups is that neurofibrillary tangle (NFT) pathology (the basis
of Braak staging) does not progress into the neocortex until
Braak stages III and IV (46). Because specimens analyzed here
are from BA9 of the neocortex, the progression from Braak
stage II to stage III delineates a distinct transition in the
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FIGURE 2. miR-153 inhibits expression of endogenous APP mRNA and protein. HeLa cells were either mock-transfected or transfected with 20 nM APP
siRNA, 50 nM negative control, or 50 nM miR-153 mimic. RNA was extracted, and protein cell lysates were prepared 48 and 72 h post-transfection, respectively,
as described under “Experimental Procedures.” A, APP and �-actin protein levels were measured by Western blot analysis. B, densitometric analysis of APP
normalized to �-actin revealed that miR-153 significantly reduced APP protein levels relative to mock or negative control mimic transfections (*, p � 0.002 by
Tukey’s HSD test; n � 4). C, APP mRNA levels were significantly decreased following miR-153 transfection as measured by RT-qPCR (*, p � 0.01 by Tukey’s HSD
test; n � 3). RT-qPCR expression levels were normalized to the geometric mean of �-actin, B2M, GAPDH and TBP expression levels and further scaled relative
to mock-transfected levels. RQ, relative quantification. Error bars, S.E.
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pathogenic environment of this region of the brain. Clinico-
pathological correlation studies have also demonstrated that
the progression of NFT in the neocortex better correlates with
cognitive decline than stages of disease where NFT are
restricted to the allocortex (68). Grouping also served to
enhance the power of analysis by increasing the sample size of
each group to 10.
When compared across Braak stages, APP levels were signif-

icantly increased in Braak stage III/IVAD samples (Fig. 7,A and
B). When compared between the two supergroups, APP
expressionwas also significantly elevated in specimenswith the
presence of neocorticalNFTpathology (stages III–VI) (Fig. 7C).
Interestingly, miR-153 levels were significantly decreased in

a similar pattern. When compared across Braak stages, miR-
153 levels were detectably lower in stage III/IV and stage V/VI
specimens, although these trends did not reach statistical sig-
nificance following corrections for multiple comparisons
(Fig. 8, A and C). However, miR-153 levels were significantly
decreased in specimenswith neocorticalNFTpathology (stages
III–VI) as compared with earlier stage specimens (control,
stage I/II) (Fig. 8, B and D).
Importantly, decreased miR-153 levels were observed when

using two distinct RT-qPCR quantification strategies: 1) rela-
tive quantification with normalization to the geometric mean

of multiple small RNA reference controls (RNU6B, RNU48,
RNU49, and miR-16) (Fig. 8, A and B) and 2) absolute quantifi-
cation by comparison with standard curves prepared from syn-
thetic miRNA oligonucleotides (Fig. 8, C and D). Therefore,
changes in miRNA expression patterns cannot be attributed to
normalization bias. The inverse pattern of APP and miR-153
dysregulation in advanced stage AD specimens with neocorti-
cal NFT suggests that decreasedmiR-153 levels may contribute
to elevated APP in these specimens.

DISCUSSION

This study outlines a novel inhibitory interaction between
miR-153 and the APP transcript, an interaction that partici-
pates in the physiological regulatory scheme responsible for the
control of APP protein levels in human cultured primary brain
cells. This claim is supported by multiple findings described
above. First,mutation of the predictedmiR-153 target site elim-
inated inhibition of reporter expression mediated by miR-153,
indicating that sequence integrity of this site is essential for a
functional regulatory interaction. Second, direct delivery of
miR-153 to both HeLa and human brain cells down-regulated
expression of endogenous APP. Finally, disruption of miR-153
function by use of an antisense inhibitor elevated APP levels in
human brains cells, confirming that miR-153 basally inhibits

FIGURE 3. Time profile of APP and miR-153 levels in an HFB culture. A and B, HFB cultures at DIV20 following continuous bFGF exposure were co-labeled
with a pan-neuronal antibody mixture and anti-GFAP (A) or with anti-nestin and anti-GFAP (B). Significant co-labeling with each combination as well as
individual labeling with pan-neuronal and anti-GFAP antibodies suggests the presence of immature neural stem cells as well as both differentiated neurons
and astrocytes. Arrows point to cells only labeled the pan-neuronal mixture. The arrowheads point to cells only labeled by either anti-GFAP or anti-nestin.
C, Western blot analysis of APP and �-tubulin levels across time (DIV 7–26) in a HFB culture. D, densitometric analysis of APP normalized to �-tubulin
demonstrated that APP levels rapidly decrease from DIV 7 to 14 and exhibit the lowest expression levels at DIV 18 (*, p � 0.001 versus all time points by Tukey’s
HSD test). E, RT-qPCR analysis of miR-153 levels across time in the same HFB culture as in B and C. miR-153 expression exhibits an inverse pattern relative to APP,
with the highest expression at DIV 18, although there are no statistically significant differences between any of the time points (ANOVA, p � 0.462). Error bars,
S.E.
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APP expression in human brain cells under typical culture
conditions.
A recent study has shown that direct exogenous delivery of

miR-153 into HeLa cells or Neuro2A cells can reduce APP

expression (40). This study also tested the effect of an AD-spe-
cific SNP in theAPP 3�-UTRdirectly juxtaposed to themiR-153
target site seed sequence. They found, however, that this SNP
did not influence the functional effect of miR-153 on reporter
expression. Our study still stands, to our knowledge, as the first
to demonstrate that miR-153 physiologically regulates APP
expression and does so in human primary brain cells.
An additional putative miR-153 target was also examined

here. The APP paralog, APLP2, has a predicted miR-153 target
site in the 3�-UTR. We found that miR-153 delivery in human
fetal brain cultures also reduced endogenous APLP2 expres-
sion. Therefore, both APP and APLP2 appear to be bona fide
targets of miR-153. Given the redundancy in function between
APP and APLP2, as suggested by the subtle phenotype of single
gene knockouts but postnatal lethality associated with APP-
APLP2 double knockouts (62), it is tempting to speculate that
miR-153 may target both of these gene products as an evolu-
tionarily conserved mechanism to regulate certain biological
pathways in which they both participate. The predicted APLP2
target site does not appear to be paralogous to the target site in
the APP 3�-UTR, suggesting that convergent evolutionary
mechanisms may have promoted the appearance and mainte-
nance of miR-153 3�-UTR target sites in APP and APLP2. The
functional efficacy of this site must be first validated to confirm
that miR-153 mediates its inhibitory effects on APLP2 expres-
sion through it.
A third important discovery demonstrated here is that miR-

153 levels were significantly decreased in the cohort of
advanced AD post-mortem brain specimens with neocortical
NFT pathology (Braak stage III–VI) as compared with speci-

FIGURE 4. miR-153 endogenously regulates APP expression in HFB cultures. A, Western blot analysis of APP and �-tubulin levels in transfected HFB
cultures. HFB cells at DIV 17 were either mock-transfected, transfected with 20 nM APP siRNA, or transfected with 150 nM negative control or miR-153 mimic. Cell
lysates were prepared 48 h post-transfection. B, densitometric analysis of APP levels normalized to �-tubulin levels demonstrated that miR-153 significantly
reduced APP expression in HFB cells (*, p � 0.05 by Student-Neuman-Keuls test; n � 4). C, Western blot analysis of APP and �-tubulin levels in transfected HFB
cultures. HFB cells at DIV 17 were either mock-transfected or transfected with 1000 nM negative control or miR-153 antisense inhibitor. Cell lysates for proteins
were prepared 24 h post-transfecton. D, densitometric analysis of APP normalized to �-tubulin demonstrated that miR-153 inhibitor significantly increased
APP expression in HFB cells (*, p � 0.018 by post hoc Dunnett’s t test; n � 3– 4). Error bars, S.E.

FIGURE 5. miR-153 reduces secretion of A�(1– 40) into the conditioned
media of HFB cultures. HFB cells at DIV 17 were either mock-transfected,
transfected with 20 nM APP siRNA, or transfected with 150 nM negative con-
trol or miR-153 mimic. Conditioned media were collected 48 h post-transfec-
tion. A�(1– 40) levels were measured in CM by ELISA as described under
“Experimental Procedures.” Absolute values (pg/ml) were normalized to the
total protein yield of crude cell lysates and scaled relative to mock transfec-
tion to account for variability associated with differences in cell number and
viability as described under “Experimental Procedures.” Transfection of miR-
153 significantly reduced levels of A�(1– 40) released in the CM of HFB cul-
tures as compared with negative control-transfected cultures (*, p � 0.04 by
Student’s t test; n � 4). Error bars, S.E.
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mens lacking neocortical NFT pathology (control and Braak
stage I/II specimens). Importantly this trend survived multiple
normalization schemes, confirming that normalization bias
was not responsible for this trend. Interestingly, APP levels
were also significantly increased in Braak stage III–VI speci-
mens. This raises the intriguing possibility that the decrease in
miR-153 in these specimens may at least partially underlie the
elevated APP levels.
Onemight questionwhy dysregulated expression ofmiR-153

and APP only appears at Braak stage III and beyond in this
analysis and is not represented progressively across Braak
stages. One consideration in response is that all of these speci-
mens were derived from the frontal cortex (BA9), a region that
only begins to become invested with neurofibrillary pathology
in stages III and IV of the disease (46). A second consideration
is that changes in miR-153 and APP expression would be
expected to contribute to amyloid pathology in the AD brain.
The development of amyloid and neurofibrillary pathology do
not initially overlap anatomically and do not progress with
direct linear correlations between each other in the AD brain
(5). Therefore, we might not expect dysregulation of APP and
miR-153 to vary linearly with Braak staging.
We are aware of certain caveats in our analysis. First, the

sample size here is small (n� 5–10/group), and the reliability of
the finding would be greatly aided if it was observed in an inde-
pendent cohort of larger sample size. Second, RNA integrity of
some samples was rather low due to prior processing of speci-

mens, possibly introducing bias into the analysis. However,
specimens in Braak stages III–VI were not preferentially repre-
sented among the lowRNA integrity extracts. The low integrity
extracts also did not demonstrate detectably higher Ct values or
lower normalizedmiR-153 expression values (data not shown).
Again, replication of these findings in an independent cohort of
low post-mortem interval specimens and high RNA quality
extracts would address these concerns. It should also be noted
that procuring a large sample of high quality, low post-mortem
interval AD brain tissue spread across Braak stages is a signifi-
cant challenge. A final caveat is that we are not able to rule out
that the “dysregulation” of miR-153 and APP might be an epi-
phenomenal manifestation of cell type distribution changes
that occurs during the progression of AD. During the course of
disease, neurons are lost, and astrogliosis results in increased
relative numbers of glia to neurons (69). Therefore, changes at
the molecular level may simply reflect changes in cell types.
However, both APP (70) and miR-153 (71) are more highly
expressed in neurons than astrocytes, suggesting that the
changes observed cannot be solely explained by changes in cell
type distribution. Clarification could be provided by the analy-
sis of miR-153 by in situ hybridization and APP by immunohis-
tochemistry in sections from specimens across Braak stages. In
situ hybridization and immunohistochemistry allows for cellu-
lar level resolution of miRNA and protein levels, respectively.
Other studies have profiled miRNA expression in the AD

brain (38, 64–67) and in peripheral blood mononuclear cells

FIGURE 6. miR-153 down-regulates expression of APLP2 in primary HFB cultures. A, Western blot analysis of APLP2 and �-actin levels in transfected HFB
cultures. HFB cells at DIV 17 were either mock-transfected, transfected with 20 nM APP siRNA, or transfected with 150 nM negative control or miR-153 mimic. Cell
lysates were prepared 48 h post-transfection. B, densitometric analysis of APLP2 levels normalized to �-actin levels demonstrated that miR-153 significantly
reduced APLP2 expression in HFB cells (*, p � 0.01 by post hoc Tukey’s HSD test; n � 4). Error bars, S.E.

FIGURE 7. APP levels are dysregulated in advanced AD brain specimens. A, Western blot analysis of APP and �-tubulin levels in control (A), early (stage I/II)
(B), definite (stage III/IV) (C), and severe (stage V/VI) (D) AD brain specimens. B, densitometric analysis of APP levels normalized to �-tubulin levels demonstrated
that APP levels were significantly elevated in definite (Braak stages III/IV) AD specimens (*, p � 0.041 by post hoc Tukey’s HSD test; n � 5). C, densitometric
analysis also revealed that APP levels were significantly increased in specimens with neocortical NFT pathology (Braak stages III–VI) as compared with
specimens lacking neocortical NFT pathology (control and stages I/II) (†, p � 0.048 by Student’s t test; n � 10). Error bars, S.E.

APP Expression Is Regulated by miR-153

31306 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 37 • SEPTEMBER 7, 2012



(72) and identifiedmiRNAs that are dysregulated (e.g.miR-107,
miR-29a/b, miR-106b, etc.) (see Ref. 73 for a review). None of
these studies to our knowledge have previously identified miR-
153 among these.One study specificallymeasuredmiR-153 lev-
els in AD brain using a DNA dot blot array but was unable to
detect any miR-153 expression in specimens due to low sensi-
tivity (63). Because most of these studies did not segment brain
specimens by severity of NFT pathology (Braak staging), one
would not necessarily expect that the decrease in miR-153
expression observed here would be replicated in these studies.
miR-153 certainly is functional in other molecular pathways

aside from APP. This miRNA was originally reported to be
brain-specific (74), although other studies have reported detec-
tion outside of the brain (75–77). miR-153 has been proposed
to function as a tumor suppressor based upon its low expression
in cancer cell lines versusnormal tissue (75, 76) and by the effect
of miR-153 overexpression to reduce cancer cell line viability
(78). This tumor suppressor activity may bemediated by inhib-
itory targeting of antiapoptotic and prosurvival pathways. Two
demonstrated targets of miR-153 in glioblastoma multiforme
cell lines include B-cell lymphoma 2 (Bcl-2) and myeloid cell
leukemia sequence 1 (Mcl-1), two antiapoptotic proteins (78).
miR-153 also down-regulates insulin receptor substrate 2
(Irs2), thereby inhibiting the prosurvival effect of the PI3K/Akt
signaling pathway (79). In drug-resistant leukemic cancer cells,
miR-153 has been shown to be down-regulated. RestoringmiR-
153 levels in these cells was shown to sensitize them to As2O3-

induced apoptosis (33). Finally, in an experimental model of
pulmonary fibrosis,miR-153was up-regulated,with its proapo-
ptotic activity hypothesized to contribute to disease etiology
(77).
miR-153 also targets a gene product especially relevant toAD

and Parkinson disease: �-synuclein (SNCA) (71). Doxakis (71)
demonstrates that endogenous miR-153 regulates SNCA in
rodent neurons. SNCA is an abundant component of the Lewy
bodies (LB) found in Parkinson disease and dementia with LB
(80). Therefore, miR-153 negatively regulates two gene prod-
ucts implicated in two of the most common forms of neurode-
generative disease. LB are also found on autopsy in a common
subtype of AD known as the Lewy body variant (AD-LBV) (81–
84). This subtype has been associatedwithmore rapid cognitive
decline compared with “pure” AD (85, 86), along with lower
levels of presynaptic proteins (87). A recent animal model of
AD-LBV created by crossing 3xTg-AD mice with A53T SNCA
transgenic mice revealed accelerated amyloid, tau, and Lewy
body pathology in the AD-LBV animals as compared with the
parental strains, suggesting synergistic effects between SNCA,
A�, and tau in promoting pathology (88). An interesting ques-
tion is whether miR-153 expression might be decreased more
substantially in the brains of AD-LBV patients relative to AD
patients. Measurement of miR-153 levels in these patients is
warranted.
miR-153 is not likely tomediate its regulatory effects on APP

expression in isolation. Indeed, regulatory interactions between

FIGURE 8. miR-153 levels are dysregulated in advanced AD brain specimens. miR-153 levels were quantified by RT-qPCR analysis. In A and B, relative
expression levels were normalized to the geometric mean of four endogenous controls: RNU6B, RNU48, RNU49, and miR-16. In C and D, expression levels were
quantified in absolute terms as miRNA copy counts/15 pg of total RNA using standard curves prepared from serial dilutions of miRNA oligonucleotide
standards with known concentrations. In A and C, expression levels were compared across control and Braak stage I/II, III/IV, and V/VI specimens. In B and
D, expression levels were compared across two supergroups either with neocortical NFT pathology (Braak stages III/VI) or without neocortical NFT (control and
Braak stages I/II). A, miR-153 levels were lowest in Braak stages III/IV and stages V/VI, but no statistical difference was observed between groups (ANOVA, p �
0.215). B, miR-153 levels were significantly decreased in AD specimens with neocortical NFT (Braak stages III–VI) as compared with specimens lacking neocor-
tical NFT (control, stages I/II) (*, p � 0.024 by Student’s t test). C, miR-153 levels were lowest in Braak stages III/IV and stages V/VI, but no statistical difference was
observed between groups (ANOVA, p � 0.420). D, as in B, miR-153 levels were significantly decreased in AD specimens with neocortical NFT as compared with
specimens without (*, p � 0.035 by Student’s t test). Error bars, S.E.
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APP and othermiRNAhave already been reported (as reviewed
in Refs. 34 and 89). We and others have recently described the
inhibitory effect of miR-101 against APP expression (36, 37).
Other miRNAs reported to negatively regulate APP expression
include miR-147 (40), the miR-20a family (miR-20a, -17, and
-106b) (38, 42), miR-106a, miR-520c (43), and miR-16 (41).
Some but not all of these studies have demonstrated physiolog-
ical regulation of APP expression by these miRNA. The pres-
ence ofAD-specific SNPs in theAPP 3�-UTRhas been shown to
interfere with the ability of several miRNAs to regulate APP
expression (40). Finally, miRNAs have been shown to play vital
roles in regulating other aspects ofAPPbiology, including alter-
native splicing (39).
The full complement of miRNAs that participate in the reg-

ulation of APP expression is yet to be fully elucidated. In this
study, we have demonstrated that miR-153 is a member of this
network in human neurons and appears to be dysregulated in at
least a subset of advanced stage AD patients. Therefore, miR-
153makes for an attractive therapeutic target. Enhancing miR-
153 levels would be expected to reduce the expression of two
gene products (APP and SNCA) and downstream metabolites
(e.g. A� peptides) that may have synergistic roles in promoting
AD pathology and cognitive decline. Two recent studies have
demonstrated that treating transformed cell lines with chroma-
tin-modifying drugs can induce miR-153 expression by dem-
ethylating themiR-153 promoter and promoting histone acety-
lation (79, 90). How these manipulations would translate to
neurons, wheremiR-153 expression is relatively high and chro-
matin structure might already favor transcription, is yet to be
determined. Regardless of application to neurons, these studies
demonstrate proof of principle for modifying miR-153 thera-
peutically by small molecules. The next steps will require
assessing whether miR-153 manipulations in vivo ameliorate
AD pathology and memory deficits in appropriate AD animal
models.
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Note Added in Proof—Since acceptance of this manuscript, the
authors have become aware of recent work that independently dem-
onstrates regulation of APP and APLP2 by miR-153 (see Ref. 91).
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